The primary aim of this study was to estimate the relation between cholesterol reduction and total mortality and coronary heart disease (CHD) incidence. Secondarily, the clinical issues of whether the efficacy of cholesterol lowering is dependent on the treatment modality, presence of CHD at baseline, or the simultaneous introduction of other interventions was explored. All randomized clinical intervention trials of cholesterol reduction were used in an overview analysis of total mortality rate and CHD incidence; analysis was performed with weighted linear regression. The trials include those that used primary and secondary intervention, diet and drugs, and single or multifactor design. Nineteen trials were analyzed for total mortality, and of the 19, 16 were analyzed for CHD incidence rate. Net difference in cholesterol change between study groups was used as the independent variable, and the three previously mentioned dichotomous design characteristics were used as additional independent variables. For every 1% reduction in cholesterol, an estimated 2.5% reduction in CHD incidence is indicated (95% CL: 1.1, 3.9). With regard to CHD drug trials tended toward better efficiency in cholesterol lowering than did dietary trials. With regard to total mortality, this efficiency was higher in secondary than in primary preventive trials. The efficiency was also somewhat dependent on the baseline cholesterol level. This study shows that cholesterol reduction is effective in lowering CHD incidence, but cholesterol reduction must be at least 8-9% to be effective in lowering total mortality. (Circulation 1990;82:1916-1924 In the prevention of early occurrence of coronary heart disease (CHD), various strategies have been implemented based on the three most important coronary risk factors, that is, total cholesterol, blood pressure, and cigarette smoking. The evidence of cholesterol lowering as an efficient method of CHD risk reduction has been tested through a series of intervention trials. These include single and multifactor trials, and primary and secondary diet and drug trials.1-19 Two overview analyses have evaluated the effects of cholesterol lowering in clinical trials.20,21 They show that for every 1% cholesterol reduction a 2% CHD risk reduction is achieved. This 1:2 ratio is subsequently referred to as "the cholesterol benefit ratio." These overviews generally exclude multifactor trials or analyze them separately, and they do not address the question of whether the effect of cholesterol lowering is dependent on design characteristics such as primary and secondary or diet and drug intervention.
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The primary aim of this study was to estimate the relation between cholesterol reduction and total mortality and CHD incidence. Secondarily, the clinical issues of whether the efficacy of cholesterol lowering is dependent on the treatment modality, presence of CHD at baseline, or the simultaneous introduction of other interventions was explored.
These questions are addressed through an overview analysis of all randomized controlled clinical trials involving designed cholesterol lowering. Total mortality and CHD incidence are the only end points under investigation. Trials with angiographic end points will not be discussed.
Methods
The criteria for inclusion of trials in this overview were 1) designed cholesterol lowering, 2) randomized design, and 3) total mortality or CHD incidence reported as end points. The criteria for exclusion of trial end points were 1) termination of trial or trial subgroups because of unforeseen side effects, and 2) data gathered after end of planned trial duration.
Nineteen randomized cholesterol-lowering trials with CHD incidence or total mortality as end points fulfill the inclusion requirements, and they are listed in Table 1 .
The trials include both untreated and placebotreated control groups with open and blinded design. They vary with respect to drugs or diet, primary or secondary intervention, single or multifactor intervention, follow-up period (from 2 to 10 years), age span, and sample sizes (from less than 100 to 50,000). The coronary risk at entry also varies widely between the trials. Because of this heterogeneity, which cannot be totally controlled by statistical modeling, a major random component is bound to be present in such an overview analysis. In the analysis, all trials are equally handled disregarding differences in quality of methods and conduct.
The multifactor trial by Miettinen et a122 was both a diet and a drug trial in which some intervention group patients received a dietary regimen alone, and others received a drug regimen in addition. For this reason, the trial has been excluded from the analyses. Its inclusion would not have influenced global results noticeably because it reported only a few events.
A particular problem with respect to inclusion and exclusion is present for the Coronary Drug Project,7 which had to discontinue three of its six trial regimens before the scheduled completion of the project. This was due to an excess in fatal complications in the actively treated groups compared with the placebo-treated group. A further technical complication from a statistical point of view is the problem of treating five actively treated groups against only one matching placebo-treated group. All odds ratio statistics for those five trial arms would be dependent and would seriously complicate the overview analysis (see below). The decision was made to exclude the three discontinued groups and only include the pooled results from the niacin-and the clofibratetreated groups and compare that with the placebotreated group. It is realized that this procedure probably biases the overview results somewhat by showing a greater benefit from cholesterol lowering on total mortality. However, the alternative of collapsing all treatment arms results in one treatment group would probably also have a biassing effect in the other direction because of the frequent overestimation of effects seen in trials stopped prematurely.
In the Scottish Research Committee Study,6 the data from both blinded and open phases has been included.
The end points used are total mortality and CHD incidence. The definitions of CHD may vary, but fatal and nonfatal acute myocardial infarction including sudden deaths as reported in each trial have been adopted without adjustments. Three trials have not reported CHD incidence data,49'15 and they will only be included in the analysis of total mortality. In the trial by Rose period, for instance, the Coronary Drug Project24 or the Oslo Study.25 It was decided not to include the additional end points in these studies. An argument about increased precision is surely relevant. However, the validity of such data is harder to judge in the context of the relation to cholesterol reduction because the cholesterol difference between treatment groups are no longer fully controlled as in the trial itself.
In all trials, intention-to-treat analysis data have been used whenever a choice appeared. The small trial of Acheson and Hutchinson4 has only published on treatment data but is included in this overview. The WHO multiple risk factor trial3 used factories as units of randomization, but the odds ratio (OR) for that trial will be treated in the same way as the other person-based randomized trials.
The calculations of net difference in cholesterol levels between treatment groups were reported differently in the various trials. Sometimes percent average differences between baseline and postrandom follow-up values of cholesterol in each group were computed, and then the absolute differences between the groups based on these averages were calculated. In other (most) trials, the difference was calculated as the percent net difference between average postrandom value in each group. The difference between the two methods should be small because of randomization.
Statistical Analysis
Each trial was used as a unit for statistical analysis. OR for treatment versus control group was calculated. To obtain an adjusted OR for the entire set of trials, pooling of the various trials by ignoring the independent variables was performed with the Mantel-Haenschel method in the Peto framework with observed and expected cases. 26 To determine which trials dominate the overview analysis, a radial plot of standardized logOR according to a method of Gal-braith27 was used (Figure 1 ). In a radial plot, a regression line through the origin will pass through the global point estimated at the radial segment. The line will be dominated by points with high x values, that is, high precision. The use of logOR instead of OR overcomes some problems with the interpretation along the OR scale. First, the length of its confidence interval is dependent on the level of OR. This means that with a given sample size a confidence interval around an estimated OR of 1.5, for instance, will be much wider than a confidence interval around an OR of 0.67. This is not the case with a confidence interval of logOR. Second, confidence intervals will be preferably symmetrical on both sides along a logOR scale but not on an OR scale. Third, a unit of change in logOR will give the same percent change at any point of OR. This will not be the case if OR changed.
The logarithm of OR was used as the dependent variable in various weighted linear regression models given below with percent net difference in cholesterol between the treatment groups as one independent variable. The weight used for each trial was the variance of OR, suggested by the fact that the overview logOR can be written as a weighted average of each trial's logOR where the weights are (relative) variances of OR.28 Design characteristics such as single-factor or multifactor, primary or secondary prevention, and diet or drug were defined by three separate dichotomized independent covariates. Interaction terms between cholesterol and the three design variables were defined by multiplying percent cholesterol difference with each binary variable.
The criteria for classifying the various trials with respect to the design characteristics were as follows. Trials aiming at changing other CHD risk factor levels in addition to cholesterol are classified as multifactor trials, whereas trials with cholesterollowering alone are classified as single-factor trials. Trials including patients without known cardiovascular disease at baseline are classified as primary preventive trials, whereas all others are classified as secondary preventive trials (mostly on infarction patient populations). Cholesterol reduction by diet alone or by drug (possibly with addition of diet in both treatment groups) distinguishes the diet or drug values.
Average baseline cholesterol (mg/dl), male gender (1-0), and average age at entry (years) were three other independent variables used in some supplementary analyses. The strategy of analysis was first to search for interactions between cholesterol reduction and each design characteristic. If interactions were not present, this indicates that none of the design characteristics had any modifying effect on the logOR cholesterol relation.
-A An example of a model for testing interaction between single-factor or multifactor intervention on the cholesterol and CHD relation is logOR=,30+,31 Achol+3,82Achol * SM+,E Usually, a linear term with SM (single-factor or multifactor intervention) would also be included in such a model, but the question raised and the appropriateness of two regression lines (SM=0 or 1) starting at the same point on the y axis makes it undesirable to add such a term. The model fit was not improved by such an addition.
The null hypothesis to be tested first would be Ho: f2=0. Here, Achol equals percent net difference in cholesterol between treatment groups. SM is 1 for single-factor and 2 for multifactor trials; E is an error term. Similarly, the term DD (diet or drug) would be 1 for diet and 2 for drug, whereas the term PS (primary or secondary intervention) would be 1 for primary and 2 for secondary prevention trials. The software package GLIM29 was a practical tool for the analysis.
One would think that if there is no net difference in cholesterol between treatment groups logOR should be zero (neglecting multifactor intervention effects). Therefore, 030 ought to be zero, a hypothesis that will be tested separately after assessing the final model. If the hypothesis is well accepted, the omission of PO seems natural.
The interpretation of the slope 131 in case of 182=0 is that it expresses the benefit ratio of cholesterol reduction. That is for every 1% net reduction in cholesterol between treatment groups, a risk reduction of /31 multiplied by 100% occurs, ignoring the influence of the design variables. The Lipids Research Clinics Program, for instance, claimed 31x 100%=2.0% unadjusted.20
In a supplementary analysis, the ratio logOR/lAchol was calculated from each trial and regressed (weighted as before) against the three supplementary baseline variables.
Tests of significance are performed with x2 tests. A X2 statistic of residuals between observed and expected cases is computed for the model under the alternative and under the null hypothesis. The difference between the two is the x2 test statistic for the null hypothesis. Adequacy of model fit was judged by comparing the x2 residual squared difference between observed and expected end points according to the model with its degrees of freedom, with the realization that these should be about equal in case of a good model fit. Table 2 presents number of deaths and CHD end points in the various trials of the overview analysis as well as OR and 95% confidence intervals and percent net difference in cholesterol between treatment groups. Total mortality is increased by intervention by about 4+3% compared with control (p>0.10).
Results
Likewise, CHD incidence is reduced by about 10±2.5% (p<0.001). This corresponds to a weighted average net difference in cholesterol of 5-6%; that is, the 1: 2 CHD benefit ratio of cholesterol reduction is confirmed across all trials. However, the x2 residual for a model with the constant term alone is far above the number of degrees of freedom (p<0.01), indicating heterogeneity across trials for the CHD end point.
To determine which trials dominate the overview, a radial plot of standardized CHD logOR by its precision measured by x= 1/SE logOR was developed (Figure 1) . The larger the x, the greater the dominance of the drawn regression line through origin and global estimate on the radial segment. Each estimate has unit standard error on the y axis. Six trials in the figure dominate the regression line because of their high precision, and their influence somewhat reduces the beneficial effects of cholesterol lowering compared with the trend in the other trials.
Relation to the Degree of Cholesterol Reduction
Total mortality. Even if cholesterol reduction could not be shown to significantly reduce total mortality in all trials combined, Figure 2 shows that it is associated with a weak downward trend in total mortality. The figure suggests that the treatments used in these trials may have a small adverse effect on mortality when cholesterol levels are not reduced and that cholesterol lowering appears to offset this effect. Table 3 shows the regression coefficients with standard errors and x2 error term for the models that test interaction between cholesterol reduction and design characteristics with respect to total mortality. Model 1 presents estimated coefficients for percent net difference in cholesterol without interaction terms, and models 2, 3, and 4 give the cholesterol interaction coefficient for each particular design characteristic. The fit was not quite good for models 1 and 2, indicating that some important, unexplained variation is omitted. The question of a different efficacy of cholesterol lowering by diet or drugs is not supported by the data in model 2, which shows no sign of an interaction effect. However, in model 3, the interaction term for primary or secondary intervention is of borderline significance (Z=1.97, p=0.05), and the model fits very well with its degrees of freedom. This indicates that secondary preventive trials have shown a stronger relation between total mortality reduction and cholesterol lowering than have primary preventive trials, an observation not unexpected when one considers the dominance of CHD deaths in secondary preventive trials.
Single-factor or multifactor trials could not be shown to have different regression slopes because the interaction term in model 4 was not significant (Z=1.34, NS). With regard to the effect of cholesterol lowering on total mortality, multifactor trials showed a weak tendency to be more efficient than single factor trials, but model fit is also somewhat poorer in this case. CHD incidence. Figure 3 displays the relation between CHD logOR and percent net difference in cholesterol reduction. The estimated 1Po term of the linear model with net cholesterol difference alone is 0.061+± 0.052 (NS). Table 4 shows the model estimates with and without interaction terms for CHD incidence. The coefficient for cholesterol difference between treatment groups is highly significant in model 1 (Z=4.1, p<0.001 ), but the model fit is not quite satisfactory. For all trials combined, a benefit ratio of cholesterol lowering is estimated to be 1: 2.5 with 95% confidence interval ranging from 1.1 to 3.9. In model 2, the fit is better, and the interaction term for diet and drug terms approaches statistical significance (Z= 1.74,p=0.08). This may indicate that drug trials are more efficient than dietary trials in reducing CHD incidence by cholesterol lowering. Unlike the reduction of total mortality, reduction of CHD inci- dence by cholesterol lowering does not seem to differ between primary and secondary trials. Also, singlefactor and multifactor trials did not differ significantly in this respect. A supplementary analysis was performed to search for possible covariates to the variation in the cholesterol benefit ratio. This was achieved by regressing the ratio (weighted) between CHD logOR and Achol in each trial against the variables of baseline cholesterol level, baseline age, and whether the trial was conducted in male patients (see Table 1 ). Figure 4 presents a plot of the relation to baseline cholesterol. The Y variable, which should be an estimate of /31, shows a clear downward trend in reducing CHD incidence by starting with an increased level of cholesterol, that is, an increasing efficiency of cholesterol lowering (p<0.001). Table 5 gives details of the equations for each of the three independent variables. Neither age nor all-male trials showed a significant relation to the cholesterol benefit ratio.
Discussion
Between-trial comparisons will always suffer from a series of methodological shortcomings due to differences in protocols, quality of conduct, incomplete reporting, and so on. 30 Despite these limitations, the overview analysis showed that a substantial amount of the heterogeneity in the trial outcomes on CHD was attributable to the cholesterol reduction attained by their participants. The model fits indicated also that the remaining variability could be attributable to chance. In fact, the weighted regression line had an intercept close to zero, which is consistent with the hypothesis of no CHD risk reduction if not preceded by a cholesterol reduction.
The LRC-CPPT reported that for every 1% cholesterol reduction one should expect a 2% CHD risk reduction. This was evident from an overview analysis of long-term epidemiological follow-up studies, between-trial comparisons, and for various end points in that trial.20 Epidemiological follow-up studies usually operate with a single baseline measurement of cholesterol. Therefore, the slope of the regression should be multiplied by llr due to measurement errors, individual short-term variations, and so on, where r is the correlation coefficient between two independent cholesterol readings (taken for the same individual some time apart). For cholesterol, r is approximately 0.70, so the ratio of 1:2 should be 1:3 as reported by MacMahon et al. 31 The crude estimate of the CHD benefit ratio in this overview was 1:2.5 with a 95% confidence interval ranging from 1.1 to 3.9. The broadness of this interval reflects the major impact of uncontrolled variability in this type of analysis. However, the supplementary analyses showed that the efficiency of CHD preven- tion by cholesterol lowering could be dependent on the baseline level of cholesterol. At 240 mg/dl cholesterol, the estimate of f1 was 0.0068 but was -0.036 at 280 mg/dl cholesterol. These estimates still have wide confidence intervals and should be interpreted with care. The relation to age at baseline was nonexistent within the age span observed; that is, cholesterol lowering did not seem to be less efficient in reducing CHD incidence in higher than in lower age groups. A weak tendency for all-male trials to show a more efficient relation between cholesterol lowering and CHD prevention than the trials with both sexes could be seen, but this issue cannot be answered with these data. A word of caution should be given because these discussions are only relevant for small and moderate cholesterol reductions starting from (mostly) elevated levels in a rather short-term perspective. The 1: 2.5 ratio will hardly be valid for drastic cholesterol reductions (above 20%) in the "normal" population. Also, preferential publication of positive trial results is a problem inherent in such a discussion.
The data indicate that cholesterol lowering by drugs more effectively reduced CHD incidence than did that by diet. Strong contributors to that indication are the dominant Frantz and MRFIT trial results. Also, drug trials are performed more often in patients at high risk of CHD than are dietary trials that "should" provide a better reduction CHD incidence. Any significant effect on total mortality, however, could not be traced.
Primary or secondary preventive trials did not significantly differ with respect to the efficiency of cholesterol lowering on CHD incidence. This is consistent with the notion that the distinction between primary and secondary intervention is rather artificial. What is really aimed at in these trials is a reduction in the progression or a regression of atherosclerosis in these patients, and average degree of atherosclerosis was probably not much different for patients in the two types of trials. Single-factor and multifactor trials also show some slight tendency toward a difference in cholesterolreduction slopes; that is, multifactor trials are more effective than single-factor trials with regard to cholesterol reduction. However, statistical significance was not reached on a conventional level. A finding in this study was that total mortality logOR was lower in secondary than in primary preventive trials, adjusting for cholesterol reduction, but this was not seen for the CHD end point. Patients in secondary prevention trials have a much higher probability of dying from CHD than those in primary preventive trials. Thus, for total mortality, there is a built-in "advantage" for secondary prevention trials of cholesterol lowering, assuming that non-CHD end points do not counterbalance the beneficial effects more in secondary than in primary prevention.
The history of cholesterol-lowering trials have shown that they have not been without specific excess hazards on the part of the participating patients. The most dramatic side effect was seen in the WHO clofibrate trial where total mortality was increased by 35% in the treated compared with the control group.17 The global estimate from all trials of logOR in total mortality was positive despite an overall 6% cholesterol reduction across trials. The adjusted analysis showed that total mortality logOR was significantly above zero without cholesterol reduction. Thus, to be of benefit, cholesterol lowering should have been at least 8-9% to outweigh the hazards involved, assuming that the hazards are not doseresponse dependent of the cholesterol-lowering drug regimen. Hopefully, the future experience with new drugs and strategies will show improvements.
Summary Conclusions
The 1: 2 benefit ratio of percent cholesterol lowering on CHD incidence may be a slight underestimate according to this across-trial overview analysis that adjusted for design characteristics. Cholesterol lowering seems equally effective in primary and secondary trials but is possibly more effective in drug than in dietary trials with CHD as an end point.
What was gained by cholesterol lowering with respect to CHD risk reduction was mostly lost on other fatal end points so that at least 8-9% choles- -0.024.
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